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Inhibitory effects of lipopolysaccharide on hypothalamic nuclei
implicated in the control of food intake
Abstract
The arcuate nucleus (Arc) and the lateral hypothalamic area (LHA), two key hypothalamic nuclei
regulating feeding behavior, express c-Fos, a marker of neuronal activation in fasted animals. This is
reversed by refeeding. In the present study we tested whether an anorectic dose of lipopolysaccharide
(LPS), the cell wall component of Gram-negative bacteria, also inhibits fasting-induced c-Fos
expression in these hypothalamic nuclei. This would suggest that they are involved in anorexia during
bacterial infections as well. We also studied whether LPS modulates the activity of orexin-A positive
(OX+) LHA neurons. Food deprived BALB/c mice were injected with LPS or saline and were sacrificed
4 or 6h later. Four hours after injection, LPS reduced the number of c-Fos positive cells in the Arc and
in the LHA, but had no effect on c-Fos in OX+ neurons. Six hours after injection, LPS reduced c-Fos
expression in the LHA, both in the OX- and OX+ neurons, but not in the Arc. These results show that
LPS modulates neuronal activity in the Arc and LHA similar to feeding-related stimuli, suggesting that
the observed effects might contribute to the anorectic effect of LPS. Thus, physiological satiety signals
released during refeeding and anorexia during bacterial infection seem to engage similar neuronal
substrates.
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Abstract 
 
The arcuate nucleus (Arc) and the lateral hypothalamic area (LHA), two key hypothalamic 
nuclei regulating feeding behavior express c-Fos, a marker of neuronal activation in fasted 
animals. This is reversed by refeeding. In the present study we tested whether an anorectic 
dose of lipopolysaccharide (LPS), the cell wall component of Gram-negative bacteria, also 
inhibits fasting-induced c-Fos expression in these hypothalamic nuclei. This would suggest 
that they are involved in anorexia during bacterial infections as well. We also studied whether 
LPS modulates the activity of orexin-A positive (OX+) LHA neurons. Food deprived 
BALB/c mice were injected with LPS or saline and were sacrificed 4 or 6h later. Four hours 
after injection, LPS reduced the number of c-Fos positive cells in the Arc and in the LHA, but 
had no effect on c-Fos in OX+ neurons. Six hours after injection, LPS reduced c-Fos 
expression in the LHA, both in the OX- cells and OX+ neurons, but not in the Arc. These 
results show that LPS modulates neuronal activity in the Arc and LHA similar to feeding-
related stimuli, suggesting that the observed effects might contribute to the anorectic effect of 
LPS. Thus, physiological anorectic signals released during refeeding and anorexia during 
bacterial infection seem to engage similar neuronal substrates.  
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Introduction 
 
Under physiological conditions energy homeostasis is maintained by the precisely tuned 
interplay of numerous peripheral factors signaling the availability of food as well as stored 
energy, and a complex network of brain nuclei processing these signals. The arcuate nucleus 
of the hypothalamus (Arc) and the lateral hypothalamic area (LHA) are two key components 
of this central network and play a critical role in the maintenance of energy balance. Food 
deprivation induces expression of c-Fos, a marker of neuronal activation, in both nuclei 
(Mistry et al., 1994, Wang et al. 1998, Diano et al. 2003, Gao and Lane 2003, Akiyama et al 
2004, Miller et al 2004, Ueyama et al. 2004, Morikawa et al., 2004, Riediger et al., 2004 b, 
Munzberg et al. 2007) and refeeding with chow reverses this activation (Riediger at al., 2004 
a, b, Ueyama 2004). Metabolic (e.g., glucose, fatty acids) and hormonal (e.g., leptin, ghrelin, 
peptide YY, amylin) feeding-related peripheral signals have also been reported to modulate 
the activity of the Arc and LHA. In previous studies we showed that peptide YY (PYY) 
administration, similar to refeeding, reduced the fasting-induced activation in the Arc of mice 
(Riediger et al., 2004a). Furthermore, amylin reversed the fasting-induced activation of the 
LHA in rats (Riediger et al., 2004b). Thus, the postprandial rise of circulating PYY and 
amylin might contribute to the reversal of fasting-induced activation by refeeding in the Arc 
and LHA, respectively.  
Orexin-containing neurons in the LHA have been implicated in the control of food intake. c-
Fos expression is induced in orexinergic neurons in negative energy balance, e.g., 
glucoprivation, chronic food restriction (Kurose et al., 2002), acute food deprivation (Diano 
et al., 2003, Akiyama et al., 2004) or insulin-induced hypoglycemia (Moriguchi et al., 1999, 
Cai et al., 2001).  
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Similar to physiological, meal-related signals such as amylin and PYY, pathological signals 
which are activated during diseases inhibit feeding. The initial systemic defensive response to 
many diseases is characterized by physiological changes including fever, increased slow-
wave sleep, and increased hypothalamic-pituitary-adrenal axis activity, and by behavioral 
changes including anorexia, adipsia, depression and lethargy (Hart, 1988). While this 
response may acutely improve survival by reducing energy expenditure spent on food 
seeking, the anorexia in particular might be deleterious for the organism when it becomes 
chronic.  
The aim of our study was to investigate whether similar to the feeding-related inhibitory 
signals described above, anorectic signals activated during disease also inhibit neuronal 
activation in the Arc and LHA. Under ad libitum feeding conditions c-Fos expression is low, 
particularly in the Arc (Mistry et al., 1994, Wang et al., 1998, Gao and Lane 2003, Miller et 
al., 2004, Ueyama et al., 2004, Morikawa et al., 2004, Munzberg et al., 2007), making the 
detection of a decrease in the number of c-Fos positive neurons difficult or even impossible. 
Thus, as in our previous studies, we first induced c-Fos expression in these nuclei by food 
deprivation (Riediger et al. 2004 a,b). The fasted mice were then injected with an anorectic 
dose of lipopolysaccharide (LPS), a Gram-negative bacterial cell wall component used to 
mimic bacterial infection and to study its inhibitory effect on c-Fos expression in 
hypothalamic nuclei. The neurons investigated here alter their activity according to the 
energy status and they respond to physiological feeding-inhibitory signals. Part of them 
contain orexigenic neuropeptides such as orexin A and AgRP (Munzberg et al., 2007). This 
strongly suggests that these cells are likely to be involved in the regulation of food intake and 
energy balance. Hence, an inhibitory effect of LPS on these neurons might contribute to its 
anorectic action.  
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Methods 
Animals 
Adult male BALB/c mice (n= 45; body weight 24-34g) housed in individual cages in a 
temperature-controlled room (22°C) were used. They had free access to rodent chow and 
water, except for 12 hours before the experiments, when food was removed from the cages. 
The mice were kept under a 12 h light/dark cycle (lights off 1pm). Each animal was used only 
in one experiment, either in the feeding or in the immunohistological study.  
All animal procedures were approved by the Veterinary Office of the Canton of Zurich’s 
Health Directorate. 
 
LPS application 
LPS (E. coli O111:B4 [Sigma No. L-2630]) was injected subcutaneously (sc) at a dose of 40 
µg/mouse, dissolved in 0.3ml saline. The dose and route of application was chosen based 
upon preliminary studies. In these studies an intraperitoneal (ip) injection of 4 µg/mouse LPS 
resulted in a large variation in c-Fos expression within different nuclei. The estimated 
effective sample size to obtain statistically significant differences between the treatment 
groups was large; hence the sc application was chosen because the interindividual variability 
was smaller. As the ip effective LPS dose (4 µg/mouse) had no reliable anorectic effect after 
sc injection, a tenfold higher LPS dose (40 µg/mouse) was used because this dose yielded a 
similar feeding-inhibitory effect as the 4 µg/mouse dose after ip injection (not shown). 
 
Feeding  
In order to confirm that sc LPS induces anorexia under our experimental conditions, a 
feeding study was conducted. Mice (n=13) were randomly divided into two groups and were 
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food deprived for 12 h during the light phase. At dark onset, one group received a sc injection 
of LPS (n=7), the other group was injected with saline (0.3 ml; n=6). Immediately after 
injection mice were given access to food. Cumulative food intake, corrected for spillage, was 
measured (± 0.1 g) manually after 6, 12 and 24 hours.  
 
Immunohistochemistry 
Based upon the feeding studies, showing a reduction in food intake within 6 hours after sc 
LPS injection, we hypothesized that changes in neuronal activation related to the reduction in 
food intake should occur during the same time frame. Thus we investigated the effect of LPS 
on c-Fos expression within 6h after injection at two different time points, to cover most of the 
time period when the anorectic action started to take effect. Thirty-two mice were randomly 
assigned to one of 4 experimental groups (n=8/group). Two groups received a sc injection of 
an anorectic dose of LPS (40 µg/mouse) or saline four hours before lights off. The other two 
groups received the same dose of LPS or saline two hours before lights off. Two hours into 
the dark phase, i.e., 4 or 6 hours after injection, the animals were deeply anesthetized with 
pentobarbital (Nembutal, Abbott Laboratories USA 0.1 ml/mouse ip). The anesthetized mice 
were then perfused transcardially with ice-cold phosphate buffer (PB 0.1M), followed by 4% 
paraformaldehyde (in 0.1M PB). The brains were removed and kept in paraformaldehyde for 
another 2 hours to achieve proper tissue fixation. After 48 hours of incubation in 20 % 
sucrose solution (in 0.1M PB) at 4° C, the samples were snap frozen in CO2. Coronal sections 
(20 µm) were cut in a cryostat (CM 3050 Leica, Nussloch, Germany) throughout the 
hypothalamus. Every slice was thaw mounted on microscopic glass slides (SuperFrost Plus, 
Faust, Schaffhausen Switzerland) in two series, one to be stained only for c-Fos and a second 
one for c-Fos and orexin A double labeling. Slides were stored at -20° C until further 
processing. 
 7 
For the detection of c-Fos immunoreactivity (ir) the histological sections were air-dried at 
room temperature for one hour and rehydrated in PBS. Unspecific binding was blocked by a 
2-hour incubation in 1.5% rabbit normal serum. The primary antibody (polyclonal goat anti-
c-Fos, Santa Cruz, sc52G; 1:10’000) was applied for 48 hours at 4° C. The unbound antibody 
was removed by washing in PBS, and the sections were incubated with the secondary 
antibody (biotinylated rabbit-anti-goat, Vectastain®-Elite ABC Kit, Vector Laboratories; 
1:200) for 2 hours at room temperature. After incubation in ABC (Vectastain®-Elite ABC Kit, 
Vector Laboratories), followed by DAB solution [0.04% in PBS with 0,02% H2O2 and for 
color enhancement 0.08% NiCl2 (x 6 H2O), 0.01% CoCl2 (x 6 H2O)], the sections were 
dehydrated in graded alcohols and cleared in xylenes. 
For the detection of c-Fos and orexin-A co-expression in the LHA, the pertinent brain 
sections were first processed for c-Fos ir as described above. Following the incubation in 
DAB solutions these sections were rinsed in 0.1% PBST (phosphate buffered saline solution 
(PBS) + Triton X-100, Sigma) and incubated in 1.5% normal donkey serum. The primary 
antibody (polyclonal rabbit-anti-orexin-A, Oncogene Ab-2, PC362; 1:3500) was applied for 
48 h at 4° C. The unbound antibody was removed by washing in PBST and the sections were 
incubated with the secondary antibody (donkey-anti-rabbit, Cy3 conjugated, Milan Analytica, 
Switzerland: 1:225) for 75 minutes at room temperature. After a final washing in 0.1% PBST, 
the slides were covered and stored at 4° C until evaluated using a fluorescent microscope 
(Axioscop 2, Carl Zeiss AG). 
The localization of the c-Fos expressing neurons was identified according to the mouse brain 
atlas by Hof et al. (2001). The following number of corresponding sections were counted 
manually in a blinded fashion, for c-Fos positive cells: 6 in the Arc (Br -1.6 - -2.1), 5 in the 
LHA (orexin-A negative area; Br -0.7 - -0.9) and 6 for the co-localization of orexin-A and c-
Fos (Br -1.1 - -1.3). The fact that only every second section was stained by the same method 
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prevented double counting of the same cell on consecutive sections. On the double labeled 
sections, the orexin A-positive neurons were identified individually under fluorescent 
illumination, then the bright light intensity was increased to investigate whether the cell was 
stained for c-Fos as well. Photomicrographs were taken by a digital camera (AxioCam, Carl 
Zeiss AG). Omission of the primary antibodies resulted in no visible staining. 
 
Statistics 
In both the feeding and immunohistological studies, the effects of LPS were compared to 
saline injection by Student’s t-test at each time point separately. As indicated, non-parametric 
t-test (rank sum test) was used when the data was not normally distributed or the variance 
was not equal between the groups. In the immunohistological studies the mean value of the 
cell count/section of an individual animal was used for statistical analyses. p≤0.05 was 
considered significant. Results are presented as means ± SEM.  
Results 
Feeding 
LPS had a robust and long lasting effect on feeding in mice fasted for 12 h. Compared to 
saline, LPS (40µg/mouse sc) reduced food intake by 62%, 60% and 54% at 6, 12 and 24 h 
following injection (t (11) = 5.580, t (11) = 6.462, t (11) = 5.168, respectively; p<0.001 at 
each time point) (Figure 1).  
 
Immunohistochemistry 
In the Arc of the food deprived saline injected mice, we found a strong c-Fos expression (80 
± 16 and 69 ± 16 cells/section at 4 and 6h after injection, respectively) in a confined area 
within approximately 150 µm lateral to the third ventricle. These cell counts are comparable 
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to those we obtain regularly in non-treated, fasted mice under the same experimental 
conditions (75 ± 9 cells/section vs. 3.5 ± 0.9 cells/section in ad libitum fed mice; unpublished 
observations). LPS (40µg/mouse sc) reduced the number of c-Fos positive cells by 49% (41 ± 
7 cells/section; non-parametric t-test T (14)=87; p=0.05) at 4h (Figure 2,3). Six hours after 
LPS injection there was a non-significant reduction by 26% (51 ± 18 cells/section; t (14) = 
0.759; p=0.46).  
In the LHA c-Fos expression was analyzed separately in its rostral part (Br -0.7- -0.9), where 
amylin reduces the fasting-induced activation, but where no orexin A positive cells are 
localized, and in the orexinergic neurons of its caudal region (Br -1.1 - -1.3). In the rostral 
part the saline injected animals had abundant c-Fos positive neurons (55 ± 12 and 65 ± 7 
cells/section at 4 and 6 h after injection, respectively). These cell counts were comparable to 
those that we regularly obtain in non-treated, fasted mice (79 ± 9 cells/section vs. 38± 5 
cells/section in ad libitum fed mice; unpublished observations). LPS reduced the number of c-
Fos positive cells both at 4 (19 ± 5 cells/section; t (14) = 2.735; p<0.01) and 6 h (18 ± 8 
cells/section; non-parametric t-test T (14) =95 ; p<0.05) after injection (Figure 2,3).  
In the caudal part of the LHA, LPS reduced the total number of c-Fos expressing cells 
compared to saline at 4h (18 ± 5 vs. 46 ± 10 cells/section; non-parametric t-test T (14) = 87; 
p<0.05) and 6h (19 ± 7 vs. 51 ± 7 cells/section; t (14) = 3.215; p<0.01) after injection. In this 
LHA region the distribution of the orexin-A-ir corresponded to previous reports (Nambu et 
al., 1999). The number of orexin-A positive cells was similar in all groups (71 ± 7 and 58 ± 7 
at 4h and 6h after saline injection; 71 ± 7 and 68 ± 6 at 4 and 6h after LPS injection, 
respectively). In the saline injected controls 19 ± 4% (4h) and 20 ± 3% (6h) of all the orexin 
containing neurons showed c-Fos ir. LPS had no significant effect on the percentage of the 
double positive neurons (10 ± 4%) at 4h after injection (t (14) = 1.730; p=0.1), but reduced 
this percentage to 6 ± 3 % at 6h after injection (t (14) = 3.372; p<0.01; Figure 4,5). In this 
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caudal region of the LHA LPS also reduced the number of c-Fos positive, orexin-negative 
neurons at both 4h (t (14) = 2.732; p<0.05) and 6h (t (14) = 3.413; p<0.01) after injection 
compared with saline (data not shown). Hence, LPS significantly reduced the number of 
activated orexin-positive neurons (at 6h) and of the orexin-negative (at 4h and 6h) neurons.  
 
Discussion 
The central mechanisms underlying anorexia during bacterial infections are not fully 
understood. In this study we show that peripheral injection of LPS inhibits neuronal 
activation in the Arc and LHA in 12h food deprived mice. Both brain areas are integrative 
centers for peripheral feeding-related stimuli and are involved in the control of food intake 
and energy homeostasis under physiological conditions (for reviews see Leibowitz and 
Wortley 2004, Murphy and Bloom, 2006). It is well documented that food deprivation 
increases c-Fos expression in both nuclei (Mistry et al., 1994, Wang et al. 1998, Diano et al. 
2003, Gao and Lane 2003, Akiyama et al 2004, Miller et al 2004, Ueyama et al. 2004, 
Morikawa et al., 2004, Riediger et al., 2004 b, Munzberg et al. 2007), which can be reversed 
by refeeding and by feeding inhibitory peptides (Riediger at al., 2004 a, b, Ueyama 2004). 
Thus, the inhibitory effects of LPS on Arc and LHA neuronal activation reported here are 
similar to the effects of feeding-related stimuli following refeeding and may therefore be 
relevant for the anorectic effect of LPS.  
 
The observation that LPS modulates neuronal activity in the Arc is consistent with a number 
of previous studies. The melanocortin system which plays a crucial role in the regulation of 
food intake and energy homeostasis has been implicated in LPS-induced anorexia (Huang et 
al., 1999, Marks et al., 2001). In the forebrain, neurons of the melanocortin system, producing 
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the orexigenic agouti-related-peptide (AgRP) and the anorectic alpha-melanocyte-stimulating 
hormone (α-MSH), localize exclusively in the Arc. In the present study, we found reduced c-
Fos expression, i.e., inhibition of neuronal activity, in the Arc of fasted mice 4 hours after 
LPS injection. To the best of our knowledge, this is the first study to show that LPS can 
inhibit Arc neurons which were specifically activated by food deprivation. A recent study has 
shown that fasting induced c-Fos expression in AgRP containing neurons in the Arc 
(Munzberg et al., 2007). Thus, we speculate that the neurons which were inhibited by LPS in 
our study might contain AgRP. The finding that ghrelin, which is known to activate 
exclusively the AgRP expressing neurons in the Arc (Wang et al., 2002), counteracted LPS-
induced weight loss and anorexia (Hataya et al., 2003, van de Wall et al., 2006) is consistent 
with this hypothesis and suggests that the opposite effects of LPS and ghrelin on food intake 
might at least partly result from their opposite effects on the same neuronal pathways.  
In the present study LPS, unlike refeeding, did not completely reverse the fasting-induced c-
Fos expression in the Arc (Riediger et al., 2004a). One possible explanation is that the 
inhibitory potency of LPS under our experimental conditions is weaker than the effect of 
refeeding. Another possibility is that LPS, in addition to inhibiting the fasting-induced 
activity of presumably AgRPergic neurons, activates other neurons in the Arc, e.g., the 
anorectic α-MSH neurons, more than refeeding. The latter idea is in line with studies 
demonstrating LPS-induced c-Fos expression in the Arc under ad libitum conditions in mice 
(Rossi-George et al., 2005) and independent of the feeding status in rats (Wan et al., 1993, 
Sagar et al., 1995, Zhang et al., 2000, Gautron et al., 2005). However, the neurochemical 
properties of these activated Arc neurons are so far unknown (Sagar et al., 1995, Gautron et 
al., 2005). Irrespective of these two not mutually exclusive possibilities, our results clearly 
show a net inhibitory effect of LPS on fasting-induced activation in the Arc. Whether LPS 
also activates the α-MSH neurons under our conditions awaits further clarification.  
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Interestingly, the LPS-induced cytokine IL-1b has been shown to activate both POMC and 
NPY containing Arc neurons in the rat (Reyes and Sawchenko, 2002). Furthermore, the 
anorectic effect of IL-1b was increased in rats treated with monosodium glutamate or bearing 
knife cut Arc lesions, suggesting that the net neuronal output from the Arc attenuates rather 
than enhances IL-1b-induced anorexia (Reyes and Sawchenko, 2002). There are several 
possible explanations for this discrepancy: 1) the rats in the study of Reyes and Sawchenko 
were not food deprived and c-Fos was measured during the light phase, whereas our mice 
were food deprived and c-Fos was measured in the dark phase; 2) in contrast to IL-1b, LPS 
does not seem to induce c-Fos expression in the POMC or NPY neurons in the Arc of rats 
(Sagar et al. 1995, Gautron et al. 2005); 3) the mechanisms underlying LPS and IL-1b-
induced anorexia are not identical because both compounds had for instance different effects 
on meal patterns (Langhans et al., 1993); Thus, results from studies with IL-1b do not 
necessarily predict the mechanisms of LPS action. 
 
Our results showing inhibitory effects of LPS on LHA activity in mice are in line with a 
previous study reporting a reduction in the fasting-induced activation of LHA neurons by 
LPS in rats (Gautron et al., 2005). Furthermore, Plata-Salamàn et al. (1988) showed a direct 
inhibitory effect of LPS-induced cytokines on LHA activity.  The phenotype of the neurons 
inhibited by LPS in the rostral region of the LHA in our study is so far unknown. In this area 
of the LHA neurons do not show orexin A (current study) or melanin-concentrating hormone 
(MCH) immunoreactivity (Wagner et al., 2000, own unpublished observation). Nevertheless, 
fasting induces c-Fos expression in the corresponding region of the LHA in rats, which can 
be specifically reversed both by refeeding and peripheral amylin application (Riediger et al., 
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2004b). This suggests that LPS modulates neuronal activity in this rostral region of the LHA 
in a similar manner as feeding-related signals.  
We also demonstrate that LPS inhibits orexin A expressing neurons located in the caudal 
region of the LHA, raising the possibility that this effect contributes to the reduction of food 
intake after LPS as well. The inhibitory effect of LPS on orexinergic neurons is particularly 
interesting because the orexins, in addition to their involvement in the control of food intake, 
are also implicated in the regulation of sleep and arousal (Chemelli et al., 1999, Lin et al., 
1999). The reduced activation of the orexinergic neurons after LPS application might 
therefore also be involved in lethargy and reduction of locomotor activity observed after LPS 
administration (Huang et al., 1999) as well as during natural microbial infections. 
 
Several not mutually exclusive mechanisms may mediate the central nervous system effects 
of LPS. First, although LPS cannot cross the blood brain barrier (BBB), it might have a direct 
central effect. BBB endothelial cells express LPS binding sites (TLR-4, CD14) and upon 
stimulation can release pro-inflammatory cytokines and neuromodulators e.g., nitric oxide 
(NO) and prostaglandins (de Vries et al., 1995, Lacroix and Rivest, 1997, Konsman et al., 
1999, Quan et al., 1999). In the Arc LPS was shown to increase the expression of inducible 
NO synthase, the enzyme which produces NO (Wong et al., 1996), and NO seems to inhibit 
ghrelin-sensitive neurons in the medial Arc (Riediger et al., 2006).  
Second, the effects of LPS on neuronal activity might also be mediated via peripheral 
cytokines. LPS induces an increase in circulating IL-1b, IL-6, and TNF- α (Jansky et al. 
1995) which can mediate the effect of LPS by acting on endothelial cell cytokine receptors or 
by crossing the BBB (for review, see Asarian and Langhans 2005). Arc neurons express 
receptors for pro-inflammatory cytokines such as IL-1b (Ericsson et al. 1995). Furthermore, 
cytokines are also produced in several brain areas in response to peripheral immune 
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stimulation, and IL-1b and TNF-α have been reported to inhibit the glucose sensitive cells in 
the LHA (Plata-Salamàn et al. 1988). Thus pro-inflammatory cytokines produced either in the 
periphery or locally in the brain, are likely to contribute to the LPS effect.  
Third, LPS might reduce hypothalamic neuronal activity by modulating the release of 
peripheral feeding-related peptides e.g. ghrelin and leptin which have well established effects 
on brain nuclei controlling food intake. LPS has been reported to reduce fasting blood levels 
of the orexigenic gastric peptide ghrelin to postprandial levels within 3 hours after 
administration in rats (Basa et al. 2003). Exogenous ghrelin activates leptin-sensitive Arc 
neurons (Traebert et al. 2002, Wang et al. 2002). Thus, LPS might reduce Arc activity in 
fasted mice partly via inhibiting endogenous ghrelin secretion. Also, LPS has been shown to 
increase leptin production through the induction of cytokines, e.g., TNF-α and IL-1b 
(Grunfeld et al., 1996, Sarraf et al., 1997, Berkowitz et al., 1998, Finck et al., 1998, Faggioni 
et al., 1998, Francis et al., 1999). Leptin is hypothesized to have a dual action in the Arc by 
inhibiting orexigenic and by stimulating anorectic neurons (Elias et al., 1998, 1999, Cowley 
et al., 2001). Although Sachot et al. (2004) showed that leptin’s role in LPS-induced anorexia 
manifests only 8h after LPS injection (100µg/kg ip), plasma leptin levels rise within 120 min 
of low-dose (5-25 µg/kg ip) LPS treatment (Francis et al. 1999). Therefore it can not be 
excluded that the early rise in plasma leptin modulates c-Fos response as early as 4h after 
LPS injection, when the effect in our study was observed.  
Fourth, LPS activates hindbrain nuclei such as the nucleus of the solitary tract (NTS) 
(Elmquist et al., 1996). The projection areas of the NTS include the Arc and the LHA 
(Ricardo and Koh, 1978). Hence, it is conceivable that some of the neuronal effects of LPS in 
the hypothalamus might be mediated by ascending inputs from hindbrain nuclei, as proposed 
by Hollis et al. (2005).  
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We found that the inhibitory effect of LPS was significant in the Arc only at 4h and in the 
orexinergic LHA neurons only at 6h after injection. On the other hand, LPS significantly 
reduced c-Fos expression in the non-orexinergic LHA neurons at both time points. It is 
therefore possible that the effect of LPS on neuronal activity in different nuclei is mediated 
via different mechanisms. 
 
In summary, our results demonstrate that LPS inhibits neuronal activity in hypothalamic 
structures which show strong c-Fos expression during fasting. Similar effects have been 
suggested to contribute to the anorectic effect of feeding-related stimuli in previous studies. 
Thus feeding-related stimuli and LPS seem to affect the same neural structures and 
neurochemical mechanisms, which implies that these effects of LPS might contribute to its 
anorectic properties. Furthermore, these data might suggest that endogenous peptides (e.g. 
ghrelin) with opposite, i.e., stimulatory effects on neuronal activation in hypothalamic nuclei, 
might provide a useful therapeutic approach in the treatment of anorexia during disease.  
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Figure legends 
 
 
 
Figure 1, LPS (40 µg/mouse sc; n=7) reduces food intake in BALB/c mice food deprived for 
12 h. *** p<0.001 compared to the saline group (n=6) 
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Figure 2, LPS reduces the number of c-Fos ir cell in the arcuate nucleus (Arc; A,B), and in 
the orexin negative, rostral region of the lateral hypothalamic area (LHA; C,D). BALB/c 
mice food deprived for 12h were sacrificed 4 (A,C) or 6h (B,D) after LPS (40 µg/mouse sc) 
or saline injection. ** p<0.01, * p≤0.05 compared to the saline group; n=8/group. 
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Figure 3, Representative brain sections immunostained for c-Fos in the hypothalamic arcuate 
nucleus (Arc; A, B 4h after injection) and the orexin negative, rostral region (Br -0.7) of the 
lateral hypothalamic area (LHA; C,D 6h after injection) of mice, showing reduced c-Fos 
expression after LPS (40 µg/mouse sc; A,C) injection compared to saline (B,D). 3V: third 
ventricle. Scale bar: 100 µm. 
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Figure 4, The number of total c-Fos expressing neurons is reduced in the caudal LHA 4h (A) 
and 6h (B) after LPS (40 µg/mouse sc) injection, compared to saline in BALB/c mice food 
deprived for 12h. In the orexin A positive neurons, c-Fos expression is significantly reduced 
6h (D), but not 4h (C) after LPS injection. In graph C and D bars represent the percentage of 
all orexin A positive cells that express c-Fos. * p≤0.05, ** p<0.01 compared to the saline 
group; n=8/group. 
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Figure 5, Representative brain sections of 12h fasted BALB/c mice, double stained for orexin 
A (A,B) and c-Fos (C,D) in the caudal region (Br -1.1- - 1.3) of the lateral hypothalamic area 
(LHA) 6h after LPS (40 µg/mouse sc; A,C) or saline (C,D) application. Thin arrows indicate 
orexin A and c-Fos double positive neurons, thick arrows point to cells positive only for 
orexin A and arrowheads show neurons only with c-Fos immunoreactivity. Fluorescent 
conjugated secondary antibody (Alexa fluor) was used for the detection of orexin A 
immunoreactivity and the photomicrographs were converted to grayscale images. Scale bar: 
50 µm.  
